































































































































































































































































































































































































































































































































































































































































































































































































* Previously published (Lesicko AM, Hristova TS, Maigler KC, Llano DA (2016) Connectional modularity 
of top-down and bottom-up multimodal inputs to the lateral cortex of the mouse inferior colliculus. Journal 



































































































































































































































































































































































































































	 We	 find	 that	 neurochemical	 modules	 are	 present	 in	 the	 LCIC	 as	 early	 as	
postnatal	day	8,	indicating	that	they	form	prior	to	the	onset	of	hearing.	 	Given	that	
modular	 areas	 are	 targeted	 by	 somatosensory	 structures,	 it	 is	 possible	 that	
somatosensory	 input	 early	 in	 development	 helps	 drive	 their	 formation.	 Previous	
studies	 have	 found	 that	 discrete	 clusters	 of	 the	 axon	 guidance	 molecules	 Eph	
receptor	 A4	 and	 ephrin-B2	 are	 present	 in	 the	 LCIC	 of	 the	 rat	 and	 mouse,	






modules	 contain	both	GAD67	positive	 cells	 and	dense	GAD67	 labeled	puncta,	 it	 is	
possible	 that	GABAergic	 cells	within	 the	modules	give	 rise	 to	 the	 labeled	neuropil	
and	terminals,	or	that	extrinsic	GABAergic	inputs,	such	as	the	substantia	nigra	pars	
lateralis,	 also	 contribute	 (Coleman	 and	 Clerici,	 1987).	 The	modules	 also	 stain	 for	
AChE,	 indicating	 that	 they	 receive	 cholinergic	 inputs.	 The	 major	 sources	 of	
acetylcholine	 in	 the	 IC	 come	 from	 the	 laterodorsal	 tegmental	 nucleus	 and	 the	
pedunculopontine	 tegmental	 nucleus	 (Motts	 and	 Schofield,	 2009).	 Interestingly,	





























































































































































































































































































































































































































































































































































































































































































































following	equation:	!"!#$ !!!"#$ !"#$ !!"# !"#$%&!!"!#$ !!!"#$ !"#$ !""!#$%& !"#$%&
!"!#$ !!!"#$
.	
According	to	this	“modularity	index”,	cells	that	receive	the	majority	of	their	input	
from	the	region	in	which	their	cell	body	is	located	will	have	a	positive	value,	cells	
that	receive	the	majority	of	their	input	from	the	opposite	region	will	have	a	negative	
value,	and	cells	that	receive	mixed	input	will	have	a	value	close	to	zero.	Both	cell	
types	inside	the	modules	exhibited	positive	modularity	indices	for	both	inhibition	
and	excitation.	GAD-	cells	inside	the	modules	showed	evidence	of	mixed	input,	with	
excitatory	and	inhibitory	modularity	indices	close	to	zero.	GAD+	cells	outside	the	
modules	had	negative	modularity	indices	(more	pronounced	for	inhibition	than	
excitation),	indicating	that	most	of	their	input	is	coming	from	the	extramodular	area	
(Fig.	3.10C).	
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Figure	3.10:	Charge	from	modular	and	extramodular	regions.	A)	Inhibitory	charge	coming	
from	within	(light	green)	or	outside	(dark	green)	of	the	modules.	B)	Excitatory	charge	coming	
from	within	(light	green)	or	outside	(dark	green)	of	the	modules.	C)	Modularity	indices	for	
each	of	the	four	cell	types	of	interest.	
	 78	
	
Paired	recordings	
Since	clear	differences	were	observed	in	the	inhibitory	and	excitatory	input	patterns	
for	cells	that	differed	in	terms	of	location	(inside	or	outside	of	a	module)	and	type	
(GAD67+	or	GAD67-),	we	decided	to	further	investigate	how	each	of	these	factors	
affects	the	amount	of	common	input	to	a	given	pair	of	cells	(Fig.	3.11A).	Paired	
recordings	were	made	from	a	subset	of	80	cells	(40	pairs)	that	were	either	matched	
in	terms	of	location	and	type	(Fig.	3.11B	bottom	panel),	differed	in	only	one	
parameter,	or	were	unmatched	in	both	parameters	(Fig.	3.11B	top	panel).	Cross-
correlations	were	computed	between	the	responses	at	corresponding	stimulation	
sites,	and	these	values	were	compared	across	each	group	of	pairs	(Fig.	3.11C).	In	
general,	pairs	that	were	more	similar	in	terms	of	the	presence	of	GAD	or	modular	vs.	
extramodular	location	had	larger	cross-correlation	values,	while	cells	that	differed	
in	one	or	both	parameters	had	smaller	cross-correlation	values	(Fig.	3.11C).	Cross-
correlation	values	were	significantly	different	between	different	types	of	pairs	
(Kruskal-Wallis	test,	p=0.016);	specifically,	pairs	in	which	both	the	location	and	cell	
type	were	matched	had	significantly	higher	cross-correlation	values	than	pairs	in	
which	both	of	these	parameters	differed	(post-hoc	Dunn’s	test	with	Holm	
correction,	p=0.0043).	To	determine	if	the	distance	between	the	cells	in	a	pair	could	
account	for	these	differences,	we	correlated	distance	and	cross-correlation	values	
and	found	only	a	weak	correlation	(R2=0.0008,	Fig.	3.11D).		
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Figure	3.11:	Paired	recordings.	A)	Example	of	a	pair	of	simultaneously	recorded	cells.	B)	Top	
panel:	a	pair	of	cells	that	is	matched	in	terms	of	location	and	type.	Bottom	panel:	a	pair	of	cells	
that	differs	in	both	location	and	type.	C)	Average	cross-correlation	values	for	each	category	of	
pairs.	D)	Correlation	between	distance	and	cross-correlation	value.			
	
DISCUSSION	
In	the	present	study,	we	used	a	combination	of	whole-cell	patch	clamp	recordings	
and	laser	photostimulation	of	caged	glutamate	to	determine	whether	cells	within	
modular	and	extramodular	regions	of	the	LCIC	communicate.	We	found	that	input	
patterns	differ	across	cell	types,	with	cells	outside	the	modules	receive	strong	
extramodular	input,	and	cells	inside	the	modules	receiving	mixed	or	strongly	
extramodular	input	(Fig.	3.4-7,	3.10).		
	
Cell-type	specific	input	patterns	give	rise	to	directionality	in	information	flow		
Taken	together,	these	input	patterns	suggest	that	cells	outside	the	modules	receive	
extramodular	input,	but	send	mixed	output	to	cells	both	inside	and	outside	of	the	
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modules.	Cells	inside	the	modules	receive	this	mixed	input,	but	relay	it	exclusively	to	
other	modular	cells	(Fig.	3.12).	This	circuitry	gives	rise	to	a	unidirectional	flow	of	
information	from	extramodular	to	modular	regions	of	the	LCIC.	One	advantage	of	
such	an	arrangement	could	be	to	allow	for	a	“purely	auditory”	computation	region	
(the	extramodular	zone)	that	is	spatially	near	but	connectionally	distinct	from	a	
multisensory	computation	region	(the	modular	zone).		
	
Figure	3.12:	Summary	diagram.	Cells	outside	the	modules	receive	extramodular	input,	but	
send	mixed	output.	Cells	inside	the	modules	receive	mixed	input,	but	send	modular	output.	
Pink	arrow	indicates	the	direction	of	information	flow.	Gray	square:	extramodular	region.	
Green	oval:	modular	region.	
	
Potential	pitfalls:	spatial	resolution	of	mapping		
To	decisively	conclude	whether	cells	in	modular	and	extramodular	regions	of	the	
LCIC	communicate,	our	laser	mapping	experiments	must	be	completed	at	a	
sufficiently	high	resolution	to	determine	whether	stimulation	sites	lie	inside	or	
outside	of	a	given	module.	To	address	this	concern,	we	used	a	10X	rather	than	a	4X	
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objective	for	our	mapping	experiments,	which	is	more	commonly	used	(Ikrar	et	al.,	
2011;	Shepherd,	2012).	The	UV	laser	spot	size	with	this	objective	is	10	μm,	which	
limits	the	breadth	of	stimulation	to	a	more	focal	region.	Our	excitation	profile	
experiments	indicate	that	a	given	laser	stimulus	(1	ms	in	duration,	3	mW)	at	10X	
will	drive	spikes,	on	average,	within	a	40	μm	radius	of	the	recorded	cell.	For	
mapping	experiments,	stimulation	sites	were	spaced	80	μm	apart	to	reduce	the	
likelihood	that	adjacent	stimuli	would	activate	the	same	regions	of	tissue.	It	is	still	
possible	that	stimulation	sites	on	the	border	of	modular/extramodular	zones	may	
have	activated	cells	in	both	regions	or	in	the	opposite	region	of	which	the	site	was	
categorized.	In	this	case,	it	may	be	that	our	interpretation	underestimates	the	
modularity	of	the	inputs	to	each	cell	type.	Regardless,	our	input	maps	and	
subsequent	analysis	show	clear	modularity	for	three	of	the	four	cell	types.	For	the	
GAD-	cells	inside	the	modules,	the	mixed	inputs	from	the	opposite	domain	arise	
from	sites	that	are	sufficiently	far	enough	from	the	border	of	a	module	for	these	
differences	to	be	attributed	to	insufficient	spatial	resolution	(Fig.	3.6).	
	
Potential	pitfalls:	use	of	juvenile	animals	
An	additional	pitfall	is	the	use	of	juvenile	mice,	which	may	limit	extrapolation	to	the	
adult	stage.	Juveniles	are	used	since	it	is	our	experience	that	cell	visualization	for	
patching	is	very	difficult	beyond	30	days	of	age.		Other	investigators	have	found	that	
much	of	the	intrinsic	and	extrinsic	connectivity	of	the	IC	is	present	by	hearing	onset	
(Friauf	and	Kandler,	1990;	Gabriele	et	al.,	2000a;	Gabriele	et	al.,	2000b).	Studies	that	
have	looked	at	the	development	of	the	intrinsic	connectivity	of	the	CNIC	have	found	
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that,	while	these	connections	undergo	refinement	during	development,	they	have	
largely	stabilized	by	P22	(Sturm	et	al.,	2014).	We	investigated	whether	the	E:I	index	
and	modularity	index	were	subject	to	changes	across	the	age	range	used	in	the	
present	study,	and	found	no	significant	trends	(data	not	shown),	indicating	that	
input	patterns	are	stable	within	this	age	range.		
	
Balance	of	inhibition	and	excitation	
Our	results	indicate	that	all	of	the	cell	types	of	interest,	except	GAD+	cells	outside	of	
the	modules,	are	dominated	by	inhibition	(Fig.	3.8).	Since	significant	excitatory	
input	was	observed	for	at	least	one	cell	type,	we	can	confirm	that	our	preparation	
allows	for	the	sufficient	detection	of	excitation.	It	is	possible,	given	that	one	of	the	
defining	characteristics	of	the	IC	is	its	dense	inhibition,	that	some	excitatory	inputs	
went	undetected	on	account	of	being	“masked”	by	inhibition	(González‐Hernández	
et	al.,	1996).	To	further	probe	this	possibility,	for	a	subset	of	cells	we	repeated	
excitatory	input	mapping	in	the	presence	of	GABAzine	to	block	inhibitory	inputs.	
This	manipulation	had	very	little	effect	on	the	excitatory	maps	overall,	and	in	some	
cases	led	to	a	shrinkage	of	input	area,	rather	than	an	expansion,	which	would	
indicate	the	presence	of	masked	excitation	(Fig.	3.9B).	It	is	possible	for	
photostimulation	to	differentially	activate	different	cell	types	depending	on	factors	
such	as	glutamate	receptor	density	(Shepherd,	2012).	Our	excitation	profiles,	
however,	indicate	that	excitatory	cells	are	actually	being	driven	more	strongly	by	
photostimulation	than	inhibitory	cells	(Fig.	3.2C).	This	indicates	that	the	sparse	
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excitatory	input	observed	for	most	cells	is	not	a	product	of	insufficient	activation	of	
excitatory	cells.	
	
Similarities	to	patch/matrix	compartments	the	striatum	
While	the	exact	purpose	of	the	neurochemical	and	connectional	modularity	found	in	
the	LCIC	remains	unknown,	studies	in	other	structures	with	a	similar	organization	
can	help	shed	light	on	the	potential	functional	advantage	of	such	an	arrangement.	
Modularity	is	also	present	in	the	striatum,	with	inputs	and	outputs	being	segregated	
according	to	whether	they	are	found	in	the	acetylcholine-rich	“matrix”	areas	or	the	
opiate	receptor-dense	“patch”	areas	(Graybiel	and	Ragsdale,	1978;	Gerfen,	1984;	
Kincaid	and	Wilson,	1996).	Studies	that	have	investigated	whether	the	two	domains	
are	fully	segregated	have	found	that	the	dendrites	of	retrogradely-filled	cells	in	both	
compartments	are	confined	to	the	region	containing	their	cell	bodies	(Gerfen,	1985).	
While	this	suggests	that	the	two	compartments	may	form	segregated	processing	
streams,	additional	experiments	have	shown	that	intrinsic	somatostatin-positive	
neurons	form	a	bridge	between	the	patch	and	matrix	regions:	the	cell	bodies	of	
these	interneurons	are	found	in	both	regions,	but	their	axons	selectively	innervate	
the	matrix	compartment	(Gerfen,	1985).	Single	somatostatin-immunoreactive	cells	
in	the	patch	compartment	have	been	found	to	give	off	axons	that	distribute	into	the	
surrounding	matrix,	suggesting	that	these	cells	provide	a	unidirectional	projection	
from	the	patch	to	the	matrix.	Interestingly,	this	bears	resemblance	to	the	one-way	
flow	of	information	from	extramodular	to	modular	regions	demonstrated	in	the	
present	study.		
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Implications	for	multisensory	processing	
The	results	of	the	present	study	suggest	a	mechanism	by	which	multisensory	
convergence	could	occur	within	the	LCIC.	Though	previous	studies	have	shown	that	
the	extrinsic	multimodal	inputs	to	the	LCIC	are	segregated,	the	present	study	
demonstrates	that	cells	in	modular	regions,	which	are	targeted	by	extrinsic	
somatosensory	inputs,	receive	input	from	auditory-recipient	extramodular	zones	
(Lesicko	et	al.,	2016).	Further	studies	will	be	required	to	determine	if	single	cells	
within	the	modules	receive	convergent	input	from	both	of	these	sources.	It	is	
presently	unknown	whether	the	dendrites	of	cells	within	modular	and	
extramodular	zones	are	confined	to	the	region	containing	their	soma,	as	is	the	case	
with	other	modular	structures	such	as	the	striatum	and	the	pons	(Gerfen,	1985;	
Schwarz	and	Thier,	1995).	If	not,	multisensory	integration	could	also	arise	from	
direct	input	to	a	cell	whose	dendrites	cross	the	modular/extramodular	boundary.	
The	advantage	of	having	multisensory	convergence	arise	from	a	local	circuit	
mechanism	rather	than	direct	convergence	of	extrinsic	inputs	is	presently	unclear.	
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CHAPTER	4:	MODULARITY	OF	THE	OUTPUTS	OF	THE	LATERAL	CORTEX	OF	THE	
MOUSE	INFERIOR	COLLICULUS	
	
ABSTRACT	
	 The	mouse	lateral	cortex	contains	periodic,	neurochemically	dense	zones,	or	
modules,	that	stain	positive	for	markers	associated	with	inhibition,	plasticity,	and	
high	metabolic	activity.	While	the	exact	function	of	these	modules	remains	
unknown,	previous	studies	in	our	laboratory	have	shown	that	the	termination	
patterns	of	extrinsic	multimodal	inputs	to	the	lateral	cortex	are	correlated	with	the	
distribution	of	neurochemical	modules:	somatosensory	inputs	target	these	regions,	
while	auditory	inputs	avoid	them.	In	the	present	study,	we	sought	to	determine	
whether	the	cell	bodies	of	projection	neurons	in	the	lateral	cortex	are	also	arranged	
in	a	modular	fashion.	The	retrograde	tracer,	Fluorogold	was	injected	into	several	
targets	of	the	lateral	cortex	of	the	GAD67-GFP	mouse,	in	which	modules	are	readily	
distinguishable	as	high-density	clusters	of	GFP-labeled	terminals	and	cell	bodies.	We	
found	that	cells	projecting	to	the	superior	colliculus	and	other	regions	of	the	inferior	
colliculus	were	found	almost	exclusively	in	extramodular	regions,	while	cells	
projecting	to	the	medial	division	of	the	medial	geniculate	body	formed	clusters	that	
correlated	with	the	distribution	of	neurochemical	modules.	In	conjunction	with	our	
previous	data,	these	results	indicate	that	cells	that	project	to	the	superior	and	
inferior	colliculi	are	found	in	regions	of	the	lateral	cortex	that	predominately	receive	
auditory	input,	while	cells	that	send	information	to	the	thalamus	are	found	in	
somatosensory-recipient	areas.		
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INTRODUCTION	
	 A	number	of	brain	regions	can	be	parcellated	at	the	subnuclear	level	based	
on	differences	in	neurochemistry,	cytoarchitecture,	or	connectivity.	The	most	
heavily	studied	of	these	“modular”	structures	include	the	somatosensory	barrel	
cortex	and	the	patch/matrix	organization	of	the	striatum	(Gerfen,	1992;	Petersen,	
2007).	The	IC,	a	midbrain	structure	that	is	centrally	positioned	within	the	auditory	
system	and	is	thought	to	serve	as	an	integration	hub,	also	exhibits	modularity	
(Casseday	et	al.,	2002).	Specifically,	the	LCIC	can	be	subdivided	into	modular	regions	
characterized	by	dense	staining	for	GAD67,	PV,	CO,	AChE,	and	NADPH-d,	and	
extramodular	regions	that	are	characterized	by	heavy	calretinin	labeling	(Chernock	
et	al.,	2004;	Stebbings	et	al.,	2014;	Lesicko	et	al.,	2016;	Dillingham	et	al.,	2017).		
	 These	neurochemical	divisions	also	correlate	with	differences	in	
connectivity:	modular	regions	of	the	LCIC	receive	input	primarily	from	extrinsic	
somatosensory	structures,	while	extramodular	areas	receive	auditory	inputs	from	
the	AC	and	CNIC	(Lesicko	et	al.,	2016).	These	two	subregions	of	the	LCIC	are	
interconnected	by	unidirectional,	cell-type	specific	connections:	cells	within	the	
modules,	particularly	GABAergic	cells,	receive	input	from	cells	in	extramodular	
regions.	Given	that	the	axon	terminals	of	auditory	and	somatosensory	inputs	to	the	
LCIC	are	segregated,	this	communication	between	modular	and	extramodular	
regions	may	underlie	the	multisensory	processing	that	has	been	described	in	the	
LCIC	previously	(Aitkin	et	al.,	1978;	Aitkin	et	al.,	1981;	Jain	and	Shore,	2006;	Lesicko	
et	al.,	2016).		
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	 Though	the	micro-organization	and	links	between	the	neurochemistry,	
extrinsic	inputs,	and	intrinsic	connectivity	in	the	LCIC	have	been	described,	it	
remains	unknown	whether	the	outputs	of	the	LCIC	also	exhibit	connectional	
modularity	(Chernock	et	al.,	2004;	Lesicko	et	al.,	2016;	Dillingham	et	al.,	2017).	The	
LCIC	projects	to	the	mMGB,	SC,	and	other	regions	of	the	IC	(Edwards	et	al.,	1979;	
Calford	and	Aitkin,	1983;	Druga	and	Syka,	1984;	Coleman	and	Clerici,	1987;	Linke,	
1999).	It	also	sends	descending	information	to	auditory	brainstem	structures,	as	
well	as	to	various	pontine	nuclei	(Kawamura,	1975;	Caicedo	and	Herbert,	1993).	In	
the	present	study,	we	used	retrograde	tract	tracing	to	determine	whether	modular	
and	extramodular	regions	of	the	LCIC	project	to	distinct	targets.	
	
MATERIALS	AND	METHODS	
Animals	
	 Experiments	were	performed	in	adult	GAD67-GFP	knock-in	mice	of	both	
sexes	unless	otherwise	noted.		Transgenic	mice	were	obtained	from	the	University	
of	Connecticut	and	were	bred	with	wild-type	Swiss	Webster	mice	to	generate	
heterozygous	progeny	in	which	enhanced	GFP	is	under	control	of	the	endogenous	
GAD67	promoter	(Tamamaki	et	al.,	2003;	Ono	et	al.,	2005).	All	procedures	were	
approved	by	the	Institutional	Animal	Care	and	Use	Committee	at	the	University	of	
Illinois.	Animals	were	housed	in	care	facilities	approved	by	the	American	
Association	for	Assessment	and	Accreditation	of	Laboratory	Animal	Care.	Every	
attempt	was	made	to	minimize	the	number	of	animals	used	and	to	reduce	suffering	
at	all	stages	of	the	study.	
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Tracer	injection	
	 Mice	were	anesthetized	intraperitoneally	with	a	mixture	of	ketamine	
hydrochloride	(100	mg/kg)	and	xylazine	(3	mg/kg)	and	a	small	hole	was	drilled	in	
the	skull	above	the	structure	of	interest.		A	glass	micropipette,	tip	diameter	20-30	
μm,	was	filled	with	a	2%	solution	of	Fluorogold	(FG)	dissolved	in	acetate	buffer	(pH	
=	3.3)	and	lowered	into	the	brain.	FG	was	injected	iontophoretically	using	5	μA	
positive	current	pulses	(50%	duty	cycle)	for	10-20	minutes.	A	15	μA	negative	
holding	current	was	applied	during	placement	and	removal	of	the	pipette	to	prevent	
unwanted	leakage	of	the	tracer.		
	
Tissue	processing	
	 Following	a	3-7	day	survival	period,	animals	were	anesthetized	with	a	
mixture	of	ketamine	hydrochloride	(100	mg/kg)	and	xylazine	(3	mg/kg)	and	
perfused	transcardially	with	4%	PFA	in	PBS.	The	brain	was	removed	and	post-fixed	
overnight	in	the	PFA	solution.		After	being	cryoprotected	in	an	ascending	series	of	
sucrose	solutions,	the	brain	was	embedded	and	cut	into	40	μm	thick	sections	on	a	
freezing	sledge	microtome.		
	
Imaging	and	analysis	
	 Tissue	sections	were	imaged	with	a	Leica	SP8	laser	scanning	confocal	
microscope	and	LAS	X	control	software.	For	each	IC	tissue	section	containing	
retrograde	label,	20X	mosaic	Z-stacks	were	taken	throughout	the	entire	depth	and	x-
y	plane	of	the	IC.	The	stacks	were	collapsed	into	2D	maximum	intensity	projections	
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and	tiled	into	a	single	image	using	LAS	X	software.	Photoshop	was	used	to	adjust	the	
color	balance	and	to	draw	masks	around	the	edge	of	the	tissue	to	cover	the	
embedding	medium.	Reconstructions	and	cell	counts	were	performed	using	
Neurolucida	software.	The	Allen	Reference	Atlas	was	used	to	determine	the	location	
of	injection	sites	and	the	approximate	rostro-caudal	coordinates	of	IC	tissue	sections	
(Goldowitz,	2010).	
	
RESULTS	
Projections	to	the	SC	arise	from	extramodular	regions	
	 To	determine	if	the	distribution	of	LCIC	cells	projecting	to	the	SC	is	
correlated	with	the	underlying	pattern	of	neurochemical	modularity,	FG	was	
iontophoretically	injected	at	a	mid-rostro-caudal	level	of	the	SC	of	the	GAD67-GFP	
knock-in	mouse.	The	injection	site	spanned	much	of	the	rostro-caudal	axis	of	the	SC	
and	covered	both	the	superficial	and	deep	layers	(Fig.	4.1A).		
	 93	
	
Figure	4.1:	Injection	sites.	A)	Injection	site	into	the	SC	shown	at	multiple	rostro-caudal	levels	
(left	panel:	caudal,	middle	panel:	mid-rostro-caudal,	right	panel:	rostral).	B)	Injection	site	into	
the	IC	shown	at	multiple	rostro-caudal	levels.	C)	Injection	site	into	the	mMGB	shown	at	
multiple	rostro-caudal	levels.	
	
UV	illumination	revealed	several	retrogradely	labeled	cells	in	the	LCIC	(Fig.	4.2A,D).	
The	GAD67-GFP	labeling	in	the	LCIC	was	used	to	identify	the	location	of	the	
neurochemical	modules,	as	well	as	to	discern	whether	backlabeled	cells	were	
GABAergic	or	non-GABAergic	(Fig.	4.2B,E).	Overlay	images	of	the	FG	and	GAD67-
GFP	labeling	revealed	that	a)	cells	projecting	to	the	SC	were	almost	exclusively	
found	in	the	extramodular	regions	of	the	LCIC	and	b)	the	vast	majority	of	
retrogradely-labeled	cells	were	non-GABAergic	(Fig.	4.2C,F;	Fig.	4.3).			
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Figure	4.2:	Cells	that	project	to	the	SC	are	found	in	extramodular	regions	of	the	LCIC.	A)	FG	
labeling	in	the	LCIC	from	an	SC	injection	site.	B)	GAD67-GFP	labeling	in	the	same	section	as	A.	
C)	Overlay	of	FG	and	GAD67-GFP	labeling.	D)	Inset	from	A.	E)	Inset	from	B.	F)	Inset	from	C.	
	
These	observations	were	confirmed	with	quantification;	cell	counts	revealed	that	
97%	of	the	retrogradely	labeled	cells	in	the	LCIC	were	found	in	extramodular	
regions,	and	that	96%	were	non-GABAergic	(Fig.	4.8A).	Though	cells	projecting	to	
the	SC	were	found	throughout	the	rostro-caudal	extent	of	the	LCIC,	they	were	
heavily	concentrated	in	the	rostral-most	regions	of	the	LCIC	(Fig.	4.3D).	Fewer	
labeled	cells	were	found	in	more	caudal	regions	of	the	LCIC,	but	the	extramodular	
distribution	of	cells	was	conserved	throughout	this	structure	(Fig.	4.3).		
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Figure	4.3:	Rostro-caudal	distribution	of	cells	in	the	LCIC	that	project	to	the	SC.	A)	A	caudal	
section	of	the	LCIC	containing	backlabeled	cells	(bregma	-5.255	mm).	B)	Bregma	-5.055	mm.	
C)	Bregma	-4.855	mm.	D)	Bregma	-4.655	mm.	For	all)	O:	GAD-	inside.	+:	GAD+	inside.	X:	GAD-	
outside.	Δ:	GAD+	outside.	
	
Inputs	to	other	subnuclei	of	the	IC	come	from	the	extramodular	zone	
	 The	subdivisions	of	the	IC	are	heavily	interconnected,	and	the	LCIC	has	been	
shown	to	project	to	both	the	DCIC	and	the	CNIC	(Coleman	and	Clerici,	1987).	To	
determine	if	LCIC	cells	that	project	within	the	colliculus	are	also	predominately	
distributed	in	either	modular	or	extramodular	regions,	FG	was	injected	into	other	
regions	of	the	IC.	The	injection	site	was	centered	in	the	caudal	half	of	the	IC	along	
the	border	between	the	DCIC	and	the	CNIC	(Fig.	4.1B).	The	densest	proportion	of	
backlabeled	cells	was	found	in	regions	of	the	LCIC	along	the	same	rostro-caudal	axis	
as	the	injection	site	(Fig.	4.4A,D;	Fig.	4.5B).		
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Figure	4.4:	Cells	that	project	to	the	IC	are	found	in	extramodular	regions	of	the	LCIC.	A)	FG	
labeling	in	the	LCIC	from	an	IC	injection	site.	B)	GAD67-GFP	labeling	in	the	same	section	as	A.	
C)	Overlay	of	FG	and	GAD67-GFP	labeling.	D)	Inset	from	A.	E)	Inset	from	B.	F)	Inset	from	C.	
	
Overlay	images	showed	that,	similar	to	SC-projecting	cells,	cells	that	project	
intracollicularly	are	found	almost	exclusively	(97%)	in	extramodular	regions	of	the	
LCIC	(Fig.	4.4C,F).	However,	a	substantial	percentage	(33%)	of	backlabeled	cells	
were	found	to	be	GFP-positive,	indicating	that	this	pathway	is	partially	GABAergic	
(Fig.	4.5,	triangles	and	plus	signs	denote	GABAergic	cells).	
	
	 97	
	
	
Figure	4.5:	Rostro-caudal	distribution	of	cells	in	the	LCIC	that	project	to	the	IC.	A)	A	caudal	
section	of	the	LCIC	containing	backlabeled	cells	(bregma	-5.555	mm).	B)	Bregma	-5.38	mm.	C)	
Bregma	-5.255	mm.	D)	Bregma	-5.155	mm.	For	all)	O:	GAD-	inside.	+:	GAD+	inside.	X:	GAD-	
outside.	Δ:	GAD+	outside.	
	
Cells	projecting	to	the	mMGB	are	found	in	modular	regions	of	the	LCIC	
	 All	subdivisions	of	the	IC	project	heavily	to	the	auditory	thalamus,	and	the	
main	thalamic	target	of	the	LCIC	is	the	mMGB	(Calford	and	Aitkin,	1983).	A	small	
deposit	of	FG	was	made	in	this	region	in	order	to	backlabel	colliculo-thalamic	cells	
and	determine	whether	their	distribution	in	the	LCIC	is	patterned.	According	to	the	
MGB	subdivision	boundaries	shown	in	the	Allen	Reference	Atlas,	the	injection	site	
appeared	largely	restricted	to	the	mMGB,	with	potential	spillover	into	the	
surrounding	paralaminar	nuclei	(i.e.	the	suprageniculate	nucleus	and	the	posterior	
intralaminar	nucleus)	(Goldowitz,	2010).		
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Figure	4.6:	Cells	that	project	to	the	mMGB	are	found	in	modular	regions	of	the	LCIC.	A)	FG	
labeling	in	the	LCIC	from	an	IC	injection	site.	B)	GAD67-GFP	labeling	in	the	same	section	as	A.	
C)	Overlay	of	FG	and	GAD67-GFP	labeling.	D)	Inset	from	A.	E)	Inset	from	B.	F)	Inset	from	C.	
	
	
In	contrast	to	cells	projecting	to	the	SC	and	IC,	cells	projecting	to	the	mMGB	were	
found	to	form	clusters	that	largely	correlated	with	the	location	of	the	neurochemical	
modules	(Fig.	4.6C,F;	Fig.	4.7).	Backlabeled	cells	were	found	throughout	the	rostro-
caudal	extent	of	the	LCIC,	and	their	density	was	fairly	even	along	this	axis	(Fig.	4.7).		
	
Figure	4.7:	Rostro-caudal	distribution	of	cells	in	the	LCIC	that	project	to	the	mMGB.	A)	A	
caudal	section	of	the	LCIC	containing	backlabeled	cells	(bregma	-5.38	mm).	B)	Bregma	-5.155	
mm.	C)	Bregma	-5.055	mm.	D)	Bregma	-4.855	mm.	For	all)	O:	GAD-	inside.	+:	GAD+	inside.	X:	
GAD-	outside.	Δ:	GAD+	outside.	
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Cell	counts	revealed	that	86%	of	these	cells	were	found	in	modular	regions	of	the	
LCIC,	while	the	remaining	cells	were	found	in	the	extramodular	zone.	Interestingly,	
of	the	404	FG-labeled	cells	that	were	identified	in	the	LCIC,	virtually	none	of	them	
were	found	to	be	double-labeled	with	GFP,	indicating	that	this	pathway	is	strictly	
non-GABAergic	(Fig.	4.7;	Fig.	4.8).			
	
Figure	4.8:	Percentage	of	GABAergic	and	non-GABAergic	cells	from	each	LCIC	subregion	
projecting	to	various	targets.	A)	Breakdown	of	outputs	to	the	SC:	3%	GAD-	IN,	93%	GAD-	OUT,	
1%	GAD+	IN,	3%	GAD+	OUT.	B)	Breakdown	of	outputs	to	the	IC:	1%	GAD-	IN,	64%	GAD-	OUT,	
2%	GAD+	IN,	33%	GAD+	OUT.	C)	Breakdown	of	outputs	to	the	mMGB:	86%	GAD-	IN,	14%	GAD-	
OUT.	
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DISCUSSION	
Modular	and	extramodular	regions	of	the	LCIC	project	to	distinct	targets	
	 The	results	of	the	present	study	suggest	that	the	outputs	of	the	LCIC	exhibit	
connectional	modularity,	with	modular	and	extramodular	regions	of	the	LCIC	
projecting	to	distinct	targets.	Cells	that	project	to	the	SC	were	found	in	extramodular	
regions,	and	were	found	to	be	predominately	non-GABAergic	(Fig.	4.9).	Projections	
to	other	regions	of	the	IC	also	arise	from	extramodular	areas	of	the	LCIC,	but	
approximately	1/3	of	these	cells	were	found	to	co-label	for	GFP,	indicating	that	they	
are	GABAergic	(Fig.	4.9).	In	contrast	to	these	midbrain	pathways,	projections	to	the	
mMGB	were	found	to	form	clusters	of	non-GABAergic	cells	that	largely	overlap	with	
the	location	of	the	neurochemical	modules	(Fig.	4.9).		
	
	
Figure	4.9:	Summary	diagram	of	inputs	and	outputs	of	modular	and	extramodular	subregions	
of	the	LCIC.	Modular	areas	(blue)	that	stain	positive	for	GAD67	and	other	neurochemical	
markers	receive	somatosensory	input	from	the	DCoN	and	SScx.	GAD-	cells	(non-GABAergic)	in	
this	region	project	to	the	mMGB,	while	GAD+	cells	project	locally	to	other	modular	cells	(see	
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Figure	4.9	(cont.):	Chapter	3).	Calretinin-dense	extramodular	regions	of	the	LCIC	(pink)	
receive	auditory	inputs	from	the	AC	and	CNIC.	Cells	in	this	region	send	primarily	non-
GABAergic	input	to	the	SC,	and	mixed	GABAergic	and	non-GABAergic	input	to	other	regions	of	
the	IC.	
	
Outputs	of	the	LCIC	are	associated	with	distinct	extrinsic	inputs	
	 The	modular	and	extramodular	regions	of	the	LCIC	that	have	been	shown	
here	to	give	rise	to	segregated	outputs	are	also	targeted	by	distinct	inputs.	Modular	
regions	of	the	LCIC	receive	input	from	somatosensory	structures,	such	as	the	DCoN	
and	the	primary	SScx	(Lesicko	et	al.,	2016).	Extramodular	areas	of	the	LCIC,	on	the	
other	hand,	are	targeted	by	auditory	structures	such	as	the	AC	and	the	CNIC	
(Lesicko	et	al.,	2016).	Though	these	two	subregions	of	the	LCIC	are	segregated	on	
the	basis	of	their	neurochemistry	and	connectivity,	they	do	not	form	wholly	
separate	processing	streams;	modular	regions	of	the	LCIC	receive	input	from	cells	in	
the	extramodular	zone	(see	Chapter	3).	These	connections	could	route	auditory	
information	into	the	somatosensory-recipient	modules,	thereby	forming	
multisensory	processing	zones.	Extramodular	regions,	however,	do	not	receive	
input	from	modular	regions	of	the	LCIC,	and	are	therefore	likely	to	perform	
computations	related	to	auditory	processing	(see	Chapter	3).	Taken	together,	these	
data	suggest	that	auditory	information	is	processed	in	extramodular	regions	of	the	
LCIC	and	routed	to	midbrain	targets	including	the	SC	and	other	regions	of	the	IC,	
while	somatosensory/multisensory	computations	take	place	in	modular	regions	of	
the	LCIC	that	project	to	the	mMGB	(Fig.	4.9).	
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Potential	functional	significance	of	modular	outputs	
	 The	mMGB	is	the	only	target	of	cells	residing	in	modular	regions	that	has	
been	identified	thus	far.	Similar	to	the	LCIC,	this	division	of	the	auditory	thalamus	is	
known	to	integrate	multisensory	inputs,	and	neurons	in	this	region	exhibit	broad	
frequency	tuning	and	large	tactile	receptive	fields	(Aitkin,	1973;	Bordi	and	LeDoux,	
1994).	The	mMGB	is	also	interconnected	with	limbic	structures,	such	as	the	
amygdala,	and	has	been	shown	to	mediate	auditory	fear	conditioning	(LeDoux	et	al.,	
1984;	LeDoux	et	al.,	1985).	Though	it	has	traditionally	been	thought	that	the	IC	
provides	auditory	input	to	the	mMGB,	it	is	possible	that	the	inputs	from	modular	
regions	of	the	LCIC	actually	provide	multisensory	information	important	for	
executing	conditioned	fear	behaviors	(Ledoux	et	al.,	1987).		
	 The	mMGB	is	also	reciprocally	interconnected	with	all	regions	of	the	AC,	and	
it	has	previously	been	hypothesized	to	serve	as	a	multisensory	arousal	area	
(Rouiller	et	al.,	1989;	Winer,	1992).	Inputs	from	the	LCIC	to	the	mMGB	could	
therefore	convey	somatosensory,	auditory,	or	multisensory	cues	relevant	to	the	
animal’s	state	of	arousal.	Somatosensory	convergence	occurs	at	multiple	stations	
within	the	auditory	system,	and	has	generally	been	thought	to	mediate	cancellation	
of	self-generated	sounds	(Wu	et	al.,	2014).	The	potential	participation	of	the	LCIC-
mMGB-AC	circuit	in	this	process	is	intriguing	given	that	a)	non-GABAergic	modular	
cells	in	the	LCIC,	such	as	those	that	project	to	the	mMGB,	receive	strong	modular	
inhibition	that	could	be	driven	by	extrinsic	somatosensory	inputs	and	b)	inhibiting	
this	population	of	projection	neurons	could	effectively	prevent	activation	of	
auditory	cortical	networks	and	conscious	awareness	of	self-generated	noise,	given	
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that	the	mMGB	projects	widely	to	all	areas	of	the	AC	(Rouiller	et	al.,	1989;	Winer,	
1992).	
	
Potential	functional	significance	of	extramodular	outputs	
	 Cells	in	extramodular	regions	of	the	LCIC	project	to	at	least	two	distinct	
targets:	the	SC	and	other	regions	of	the	IC.	It	is	presently	unknown	whether	these	
projection	systems	are	formed	by	different	groups	of	cells,	or	if	single	cells	project	to	
both	targets.	Projections	from	the	LCIC	to	the	SC	have	long	been	thought	to	mediate	
various	acoustico-motor	behaviors	(Huffman	and	Henson	Jr,	1990).	For	example,	
stimulation	of	the	IC	causes	movement	of	the	pinna	and	eyes	in	conjunction	with	
activation	of	auditory	neurons	in	the	SC,	and	this	pathway	is	thought	to	mediate	
additional	orienting	and	escape/defense	behaviors	(Syka	and	Straschill,	1970).	
Connections	between	the	IC	and	the	SC	are	also	thought	to	be	critically	involved	in	
pre-pulse	inhibition	of	the	acoustic	startle	reflex	(Koch	and	Schnitzler,	1997).	The	SC	
is	thought	to	receive	information	about	auditory	prepulses	from	the	IC	and	routes	
this	information	to	the	pedunculopontine	nucleus	(PPT),	a	brainstem	structure	that	
also	provides	cholinergic	input	to	modular	areas	of	the	LCIC	(Swerdlow	et	al.,	2001;	
Motts	and	Schofield,	2009;	Schofield,	2010).	The	PPT	then	routes	this	information	to	
the	pontine	reticular	nucleus,	where	it	converges	with	and	influences	the	primary	
startle	pathway	(Davis	et	al.,	1982).	
	 Not	only	do	extramodular	regions	of	the	LCIC	send	input	to	the	CNIC,	but	
they	also	receive	dense	inputs	from	this	region	(Lesicko	et	al.,	2016).	It	is	therefore	
possible	that	some	of	the	LCIC	cells	that	project	to	the	CNIC	participate	in	feedback	
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loops	with	the	lemniscal	auditory	pathway.	In	addition	to	inputs	from	the	CNIC,	
extramodular	regions	of	the	LCIC	receive	descending	inputs	from	the	AC	(Lesicko	et	
al.,	2016).	Though	descending	connections	from	the	AC	to	the	IC	predominately	
terminate	in	the	LCIC	and	DCIC,	their	activation	has	been	shown	to	cause	striking	
shifts	in	the	auditory	response	properties	of	cells	in	the	CNIC	(Andersen	et	al.,	1980;	
Winer	et	al.,	1998;	Gao	and	Suga,	2000).	Given	that	direct	descending	inputs	to	the	
CNIC	are	sparse,	it	is	possible	that	these	changes	are	mediated	through	connections	
from	the	LCIC	to	the	CNIC	(Stebbings	et	al.,	2014).	
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CHAPTER	5:	CONCLUSION	
	
SUMMARY	OF	FINDINGS	
	 The	central	purpose	of	this	work	was	to	dissect	the	microcircuitry	of	the	
LCIC,	with	the	goal	of	understanding	how	these	intrinsic	circuits	interface	with	the	
multimodal	extrinsic	inputs,	the	underlying	neurochemistry,	and	the	diverse	
outputs	of	this	structure.	The	main	findings	resulting	from	this	analysis	are	
summarized	below:	
	
Figure	5.1:	Summary	diagram	of	findings.	See	text	for	explanation.		
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1)	All	the	previously	known	markers	of	modules	co-localize	and	stain	the	same	
regions	of	the	LCIC	(see	Chapter	2).	
2)	Somatosensory	inputs	from	the	DCoN	and	the	SScx	terminate	within	the	
neurochemical	modules	(see	Chapter	2).	
3)	Auditory	inputs	from	the	CNIC	and	the	AC	interdigitate	with	the	neurochemical	
modules	(see	Chapter	2).	
4)	Communication	between	modular	and	extramodular	regions	of	the	LCIC	is	cell-
type	specific,	largely	unidirectional,	and	could	give	rise	to	distinct	zones	for	auditory	
and	multisensory	processing	(see	Chapter	3).	
5)	Non-GABAergic	cells	within	the	neurochemical	modules	project	to	the	mMGB	
(see	Chapter	4).	
6)	Both	GABAergic	and	non-GABAergic	cells	in	the	extramodular	regions	of	the	LCIC	
project	to	other	subdivisions	of	the	IC	and	the	deep	layers	of	the	SC	(see	Chapter	4).	
	
	 The	remainder	of	this	chapter	will	discuss	the	potential	relevance	of	these	
findings	in	terms	of	the	known	functional	roles	of	the	LCIC.		
	
INTEGRATION	OF	AUDITORY	AND	SOMATOSENSORY	INPUTS	
	 It	has	been	known	for	nearly	forty	years	that	the	LCIC	receives	
somatosensory	inputs,	that	cells	in	the	LCIC	respond	to	both	auditory	and	
somatosensory	stimulation,	and	that	a	percentage	of	cells	respond	bimodally	(Aitkin	
et	al.,	1978;	Aitkin	et	al.,	1981).	However,	the	circuits	mediating	these	responses	
have	remained	poorly	understood.	Here,	we	have	shown	that	the	terminals	of	
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known	auditory	and	somatosensory	inputs	to	the	LCIC	remain	largely	segregated,	
with	somatosensory	inputs	targeting	modular	regions,	and	auditory	inputs	avoiding	
these	areas	(Lesicko	et	al.,	2016).	While	this	appears	to	contradict	the	long	history	of	
in	vivo	physiology	data	demonstrating	bimodal	interactions	in	the	LCIC,	upon	
further	investigation	we	have	found	that	local	circuit	interactions	could	give	rise	to	
multisensory	convergence.		
	 Specifically,	both	GABAergic	and	non-GABAergic	cells	within	the	modules	
receive	synaptic	input	from	auditory-recipient	extramodular	cells.	The	dendrites	of	
GABAergic	modular	cells	also	extend	beyond	modular	boundaries,	and	could,	
therefore,	receive	direct	auditory	inputs	on	their	distal	dendrites.	Interestingly,	
despite	the	fact	that	their	cell	bodies	are	found	within	the	modules,	these	cells	
receive	the	majority	of	their	local	inhibitory	and	excitatory	input	from	extramodular	
regions	of	the	LCIC,	making	them	ideally	positioned	to	integrate	multimodal	
information	(see	Chapter	3).		
	 The	cell-type	specific	and	unidirectional	flow	of	communication	between	
modular	and	extramodular	regions	of	the	LCIC	could	help	explain	previous	findings	
from	in	vivo	physiology	experiments.	The	architecture	of	these	circuits	
hypothetically	yields	cells	that	respond	only	to	auditory	stimuli	(extramodular	
cells),	cells	that	respond	to	bimodal	stimuli	(GABAergic	modular	cells),	and	cells	that	
respond	preferentially	to	somatosensory	stimuli	(non-GABAergic	modular	cells).	
Indeed,	studies	that	have	investigated	responses	to	auditory	and	somatosensory	
stimulation	in	the	cat	LCIC	have	found	that	26%	of	units	fire	only	in	response	to	
sound	stimulation,	20%	of	units	fire	only	in	response	to	somatosensory	stimulation	
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of	the	skin	or	the	dorsal	column,	and	54%	of	units	respond	bimodally	(Aitkin	et	al.,	
1978).	Interestingly,	these	response	types	are	clustered	into	“pockets”	throughout	
the	LCIC,	which	strongly	indicates	that	the	circuit-level	modularity	described	here	is	
preserved	at	the	functional	level	(Aitkin,	1986).	
	 In	the	majority	of	bimodally-responsive	units,	somatosensory	stimulation	
has	a	suppressive	effect	on	auditory	responses	(67%	cat,	72%	guinea	pig)	(Aitkin	et	
al.,	1978;	Jain	and	Shore,	2006).	The	remaining	cells	are	excited	by	both	auditory	
and	somatosensory	stimulation.	Our	circuit	analysis	indicates	that	cells	residing	
within	the	neurochemical	modules	are	the	most	likely	source	of	these	bimodally-
responsive	units.	It	could	be	that	GABAergic	modular	cells	are	directly	excited	by	
somatosensory	input	and	indirectly	suppress	the	auditory-evoked	responses	of	
other	modular	cells.	Our	photostimulation	studies	partially	support	this	hypothesis,	
as	they	show	that	GABAergic	modular	cells	provide	strong	local	inhibition,	
particularly	to	non-GABAergic	modular	cells.	Though	these	initial	reports	did	not	
investigate	the	neurochemical	identity	of	their	recorded	cells	or	identify	their	
location	with	respect	to	modular	boundaries,	modern	imaging	techniques	that	
enable	identification	of	distinct	cellular	populations	could	elucidate	the	cell-type	
specificity	of	bimodal	interactions	in	the	LCIC.	
	
POTENTIAL	FUNCTIONAL	ROLES	OF	MODULAR	CIRCUITS	
	 What	is	the	functional	significance	of	the	dense	somatosensory	input	to	the	
IC,	a	structure	that	has	classically	been	viewed	as	an	“auditory”	region	of	the	brain,	
and	is	the	multisensory	convergence	found	here	necessary	for	the	execution	of	
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particular	behaviors?	Somatosensory	information	impinges	upon	several	additional	
nuclei	within	the	auditory	system,	including	the	dorsal	cochlear	nucleus,	the	mMGB,	
and	the	AC	(Lund	and	Webster,	1967b,	a;	Jones	and	Burton,	1974;	Itoh	et	al.,	1987;	
Burian	and	Gstoettner,	1988;	Cappe	and	Barone,	2005;	Haenggeli	et	al.,	2005;	
Hackett	et	al.,	2007).	Previous	studies	have	found	that	these	projections	are	
important	for	a	wide	variety	of	processes,	including	adaptive	filtering,	suppression	
of	self-generated	sounds,	auditory/somatosensory	spatial	integration,	sound	
localization,	and	neuronal	conditioning	(Wu	et	al.,	2014).	Insights	about	these	
pathways	and	new	knowledge	regarding	LCIC	microcircuitry	can	help	guide	
hypotheses	about	the	functional	role	of	the	somatosensory	input	to	the	LCIC.	
	 Similar	to	the	LCIC,	the	dorsal	cochlear	nucleus	receives	somatosensory	input	
from	the	DCoN	and	Sp5,	as	well	as	from	vestibular	structures	(Itoh	et	al.,	1987;	
Burian	and	Gstoettner,	1988;	Haenggeli	et	al.,	2005).	A	recent	study	from	Singla	et	
al.	has	shown	that	inactivation	of	some	of	these	inputs	yields	responses	to	self-
generated	licking	sounds	in	the	dorsal	cochlear	nucleus	that	are	typically	
suppressed	under	normal	conditions	(Singla	et	al.,	2017).	In	conjunction	with	other	
findings,	these	results	suggest	that	non-auditory	signals	conveyed	to	the	dorsal	
cochlear	nucleus	via	mossy	fibers	are	responsible	for	the	cancellation	of	self-
generated	sounds	(Singla	et	al.,	2017).		
	 Previous	work	in	the	squirrel	monkey	IC	suggests	that	the	LCIC	may	also	play	
a	role	in	cancellation	of	self-generated	sounds.	Cells	in	the	LCIC	of	this	species	have	
been	shown	to	undergo	suppression	during	vocalization	behavior,	while	cells	in	the	
CNIC	respond	similarly	to	both	self-generated	vocalizations	and	external	sounds	
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(Tammer	et	al.,	2004).	Furthermore,	LCIC	cells	actually	fire	in	advance	of	self-
generated	vocalizations,	suggesting	that,	prior	to	the	onset	of	sound,	they	may	
receive	somato-motor	signals	that	suppress	subsequent	auditory	responses	(Pieper	
and	Jürgens,	2003).	Though	it	is	unclear	whether	the	microcircuitry	of	the	squirrel	
monkey	IC	resembles	that	of	the	mouse,	the	modular	circuitry	summarized	in	the	
first	section	is	theoretically	equipped	to	perform	such	a	computation.	For	example,	
somatosensory	inputs	to	the	LCIC	could	synapse	on	GABAergic	cells	within	the	
modules,	leading	to	the	type	of	pre-vocalization	firing	described	above.	These	
GABAergic	cells,	which	have	been	shown	to	provide	local	inhibition	to	other	
modular	cells,	particularly	non-GABAergic	populations	such	as	those	that	project	to	
the	mMGB,	could	in	turn	suppress	these	cells,	preventing	responses	to	self-
generated	sounds.	Additional	studies	will	be	necessary	to	determine	whether	
responses	to	self-generated	sounds	are	also	selectively	suppressed	in	the	LCIC	of	
other	species	and	to	identify	the	circuits	underlying	this	process.	
	 The	somatosensory	inputs	to	the	MGB	are	thought	to	play	a	distinct	
functional	role	to	those	that	innervate	auditory	brainstem	areas.	The	mMGB	is	
critically	involved	in	auditory	fear	conditioning,	and	the	multisensory	inputs	to	this	
region	are	also	thought	to	feed	into	the	fear	conditioning	circuit	(LeDoux	et	al.,	
1984;	LeDoux	et	al.,	1985).	Lesion	studies	have	shown	that	the	IC,	in	additional	to	
the	MGB,	is	critical	for	the	expression	of	conditioned	fear	behavior	(Heldt	and	Falls,	
2003;	Freeman	et	al.,	2007).	Though	the	IC	is	typically	viewed	as	the	source	of	
auditory	input	for	fear	conditioning,	our	data	suggest	that	inputs	to	the	mMGB	arise	
from	cells	in	modular	regions	of	the	LCIC	that	are	likely	receiving	strong	
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somatosensory	or	multisensory	inputs	(Ledoux	et	al.,	1987).	It	is	possible,	therefore,	
that	the	association	of	auditory	cues	(conditioned	stimuli)	with	noxious	stimuli	of	
other	modalities	(unconditioned	stimuli)	occurs	to	some	degree	in	the	LCIC	and	is	
subsequently	routed	to	the	mMGB.	Interestingly,	the	modular	regions	of	the	LCIC	
from	which	projections	to	the	MGB	arise	stain	densely	for	AChE,	indicating	that	
arousal-dependent	computations	or	computations	requiring	significant	plasticity	
may	occur	here	(Reese	et	al.,	1995;	Jerusalinsky	et	al.,	1997;	Lesicko	et	al.,	2016).		
	 In	addition	to	somatosensory	inputs,	several	nuclei	within	the	auditory	
system	receive	inputs	from	motor	structures	that	are	thought	to	suppress	responses	
to	self-generated	sounds	(Schneider	and	Mooney,	2015).	These	corollary	discharge	
signals	can	also	serve	as	predictive	signals	for	gauging	the	auditory	consequences	of	
movement	(Schneider	and	Mooney,	2015).	For	example,	the	AC	receives	direct	input	
from	the	motor	cortex,	and	Schneider	et	al.	have	recently	shown	that	these	inputs	
activate	PV	networks	in	the	AC,	thus	generating	a	suppressive	effect	on	excitatory	
neurons	before	and	during	movement	(Schneider	et	al.,	2014).	The	LCIC	also	
receives	direct	input	from	the	motor	cortex,	and	is	bidirectionally	connected	with	
the	lateral	paragigantocellular	nucleus,	a	brainstem	nucleus	involved	in	mediating	
locomotor	behaviors	(Caicedo	and	Herbert,	1993;	Goldowitz,	2010;	Gatto	and	
Goulding,	2018).	Though	it	has	not	been	specifically	investigated	whether	these	
inputs	terminate	in	modular	or	extramodular	regions	of	the	LCIC,	their	distribution	
appears	conspicuously	modular	(Goldowitz,	2010).	It	is	possible	that	these	inputs,	
similar	to	the	motor	inputs	to	the	AC,	target	inhibitory	populations	(in	this	case,	
GABAergic	cells	in	modular	regions	of	the	LCIC)	and	suppress	the	output	of	
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excitatory	neurons	(non-GABAergic	cells	in	modular	regions	of	the	LCIC,	some	of	
which	project	to	mMGB).	This	hypothetical	circuit	could	prevent	self-generated	
locomotor	sounds	from	reaching	the	cortex	by	shutting	down	LCIC-mMGB-AC	
transmission.	The	notion	that	the	LCIC	is	involved	in	processing	sounds	related	to	
locomotion	is	further	supported	by	the	fact	that	many	of	the	somatosensory	
receptive	fields	in	the	LCIC	involve	the	limbs,	and	walking	suppresses	responses	to	
sound	in	the	LCIC	(Aitkin	et	al.,	1978;	Busse	et	al.,	2017).	
	 	
POTENTIAL	FUNCTIONAL	ROLES	OF	EXTRAMODULAR	CIRCUITS	
	 While	modular	regions	of	the	LCIC	receive	input	from	extramodular	regions,	
the	reverse	is	not	true	(see	Chapter	3).	It	is	unlikely,	therefore,	that	cells	in	these	
regions	receive	either	direct	or	indirect	somatosensory	input,	and	instead	are	likely	
functioning	as	auditory	processing	zones.	The	inputs	to	these	regions	arise	from	the	
AC	and	the	CNIC	(see	Chapter	2).	Unlike	modular	regions	of	the	LCIC,	multiple	
output	pathways	have	been	identified	for	cells	in	extramodular	regions;	these	areas	
project	to	both	the	SC	and	IC,	and	these	pathways	are	thought	to	be	involved	in	a	
number	of	auditory	and	acoustico-motor	functions	(see	Chapter	4).	
	 In	addition	to	anatomical	evidence,	the	connection	between	the	LCIC	and	SC	
has	been	demonstrated	behaviorally:	electrical	stimulation	of	the	LCIC	has	been	
shown	to	elicit	movements	of	the	pinna	and	eyes,	and	also	leads	to	activation	of	
auditory-responsive	cells	in	the	SC	(Syka	and	Straschill,	1970;	Druga	and	Syka,	
1984).	The	movements	induced	by	electrical	stimulation	of	the	LCIC	likely	reflect	
acoustic	orienting	behaviors	(Syka	and	Straschill,	1970).	It	is	well	established	that	
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the	SC	is	critical	for	the	generation	of	orienting	behaviors	in	response	to	cues	from	
various	sensory	modalities,	including	both	visual	and	auditory	orienting	(Goodale	
and	Murison,	1975;	Burnett	et	al.,	2004).	Given	that	the	extramodular	regions	of	the	
LCIC	receive	strong	input	from	the	ascending	auditory	pathway	via	the	CNIC,	it	is	
likely	that	their	input	to	the	SC	serves	as	the	source	of	auditory	signals	for	acoustic	
orienting	behaviors.	
	 Additional	studies	have	shown	that	electrical	stimulation	of	the	LCIC	or	
optogenetic	activation	of	the	corticofugal	inputs	to	this	region	can	lead	to	freezing,	
escape	and	defense	behavior	(Brandao	et	al.,	1993;	Brandão	et	al.,	1994;	Castilho	
and	Brandão,	2001;	Xiong	et	al.,	2015).	These	behaviors	are	thought	to	be	mediated	
in	part	by	outputs	to	the	SC,	as	well	as	other	structures	such	as	the	periaqueductal	
grey	(Brandao	et	al.,	1993;	Brandão	et	al.,	1994;	Castilho	and	Brandão,	2001;	Xiong	
et	al.,	2015).	The	extramodular	regions	of	the	LCIC	likely	serve	as	a	bridge	between	
the	auditory	and	pre-motor	areas	required	for	expression	of	these	behaviors,	given	
that	they	receive	direct	auditory	input	from	the	CNIC	and	send	primarily	excitatory	
inputs	to	the	SC	(see	Chapter	2	and	4).	
	 In	addition	to	mediating	orienting	and	defense	behaviors,	connections	
between	the	IC	and	the	SC	are	also	thought	to	be	involved	in	acoustic	pre-pulse	
inhibition	circuitry	(Koch	and	Schnitzler,	1997).	Auditory	prepulses	are	processed	
by	the	ascending	auditory	pathway	up	to	the	level	of	the	IC,	at	which	point	they	are	
routed	to	the	SC	via	the	LCIC	(Swerdlow	et	al.,	2001).	This	information	is	then	
routed	through	various	midbrain	and	brainstem	structures,	until	it	converges	with	
the	primary	startle	pathway	at	the	level	of	the	pontine	reticular	nucleus	(Davis	et	al.,	
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1982).	Interestingly,	the	LCIC	is	also	directly	connected	with	the	pontine	reticular	
nucleus	and	other	parts	of	the	acoustic	startle	pathway,	including	the	PPT	(Caicedo	
and	Herbert,	1993;	Motts	and	Schofield,	2009).	The	exact	purpose	of	these	
connections,	as	well	as	whether	they	target/arise	from	modular	or	extramodular	
regions	of	the	LCIC,	is	presently	unknown.	
	 Though	the	potential	functional	roles	of	the	pathway	between	the	LCIC	and	
SC	discussed	thus	far	have	reflected	adaptive	behaviors,	it	is	possible	that	these	
connections	are	also	involved	in	pathological	manifestations	of	acoustico-motor	
behavior.	In	certain	susceptible	rodent	populations,	intense	sounds	can	trigger	
seizure	activity	(Garcia-Cairasco,	2002).	The	audiogenic	seizure	nework	is	thought	
to	involve	the	CNIC,	LCIC,	and	SC,	as	lesion	studies	have	shown	that	damage	to	these	
structures	blocks	the	development	of	seizure	behavior	(Willott	and	Lu,	1980).	Our	
data	suggest	a)	that	the	vast	majority	of	IC	cells	that	project	to	the	SC	are	non-
GABAergic	cells	in	extramodular	regions	of	the	LCIC,	b)	that	this	population	of	cells	
gets	a	mixture	of	excitatory	and	inhibitory	auditory	input	from	the	CNIC,	and	c)	that	
these	cells	predominately	get	local	input	from	GABAergic	extramodular	cells.	It	
could	be	that	dysfunction	of	the	inhibitory	influence	from	local	GABAergic	
extramodular	cells	or	inhibitory	CNIC	cells	leads	to	increased	excitability	in	the	
LCIC-SC	pathway,	thus	generating	seizure	behavior	that	is	propagated	to	
downstream	motor	structures	(Garcia-Cairasco,	2002).	
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Figure	5.2:	Possible	functional	roles	of	various	cell	types	in	modular/extramodular	regions	of	
the	LCIC.	
	 	
	 In	addition	to	connections	with	the	SC,	extramodular	regions	of	the	LCIC	also	
send	input	to	and	receive	input	from	the	CNIC	(Lesicko	et	al.,	2016).	The	other	major	
input	to	extramodular	regions	of	the	LCIC	is	corticofugal	feedback	from	the	AC	
(Lesicko	et	al.,	2016).	Though	anatomical	experiments	show	that	these	descending	
connections	predominately	terminate	in	the	LCIC	and	DCIC,	seemingly	contradictory	
data	from	in	vivo	physiology	experiments	suggest	that	their	activation	causes	
striking	shifts	in	the	auditory	response	properties	of	cells	in	the	CNIC	(Andersen	et	
	 119	
al.,	1980;	Winer	et	al.,	1998;	Gao	and	Suga,	2000).	Given	that	direct	descending	
inputs	to	the	CNIC	are	sparse,	it	is	possible	that	the	pathway	from	the	LCIC	to	the	
CNIC	mediates	these	changes,	thus	reconciling	the	differences	seen	with	in	vivo	and	
anatomical	approaches	(Stebbings	et	al.,	2014).	
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